Background: Toxicity data from cancer trials are summarized into a single outcome, dose-limiting toxicity (DLT), which does not account for multiple lower grade toxic effects nor differentiates between toxicity types and gradations within DLT.
introduction
The National Cancer Institute-Common Terminology Criteria (NCI-CTC) for Adverse Events [1] is the instrument for documentation and grading of adverse events in cancer trials. For each adverse event, the severity is graded on a scale from 0 to 5, with grade 0 being no toxicity and grade 5 being death. Given the large number of toxic effects observed, a tremendous amount of toxicity data is collected and reported. To summarize these data, early phase clinical trials define a single binary outcome, dose-limiting toxicity (DLT) or not. Middle-and late-stage trials list all toxic effects for which a maximal toxicity of grade 3 or higher is observed. Thus, it is difficult to quantify the toxicity burden that patients experience and to compare the toxicity profile of different therapies. The binary toxicity summaries disregard lower grade toxic effects, which individually are not dose limiting, but in aggregate can be concerning. Binary toxicity summaries also do not differentiate between types of toxic effects. Moreover, the definition of DLT varies by study [2, 3] . The need for including information on various toxicity grades and types was noted over 10 years ago [4] . Thus, there is an urgency to develop methods to summarize and report toxic effects [5] .
A method that appropriately summarizes individual toxic effects into an overall toxicity burden score (TBS) will provide a better understanding of the toxicity burden to patients and have an impact in all phases of drug development and cancer care. In the phase I setting, by defining DLT based on TBS, toxicity information that has been overlooked can be incorporated for the determination of the maximum tolerated dose (MTD). In phase II and III settings, investigators can better understand the toxicity impact of the treatments. The method can also be particularly useful in settings involving noncytotoxic therapies and treatments with long-term toxic effects and it can be used in combination with the time-toevent continual reassessment method (TITE-CRM, [6] ) to address the issue of late-onset toxic effects.
The three methods proposed for summarizing the individual toxicity grades and types into a score use a weighted sum of individual toxic effects. The severity weight for the toxic effects and the toxic effects to be included differs among these methods. The TAME method [7] assumes equal weights for all toxicity types. This approach dichotomizes toxic effects and does not consider lower grade toxic effects nor differentiate between toxicity types. Rogatko et al. [3] summarize the toxic effects into a toxicity index score defined as the weighted sum of toxicity grades where the weights are the product of the reciprocal grades plus one. The method takes into account all toxicity grades and differentiates between hematologic and nonhematologic toxic effects. However, it does not differentiate the toxic effects within these categorizations and assumes that the aggregate effect of lower grade toxic effects never amount to that of a higher grade toxicity. Bekele and Thall [8] define toxicity burden as the weighted sum of toxicity grades for a predetermined set of toxic effects based on the drug being studied. The weights are elicited from the physicians based on their impression of the relative impact of the toxicity. The method takes into account the various grades of toxic effects and distinguishes toxicity types, but the weight elicitation process is ad hoc. None of the methods has been applied prospectively in the design of a clinical trial. The method by Rogatko et al. [3] has been applied to compare the toxicity burden of different populations [9, 10] .
In this paper, we introduce and evaluate the feasibility of a novel approach to summarize toxic effects into a TBS. The method differentiates between the grades and types of treatment-related toxic effects and uses a regression approach to estimate the severity weights through a historical or existing toxicity dataset. We illustrate the approach using historical toxicity data from a trial in patients with lymphoma [11] and the application of TBS by Monte Carlo simulations of a dosefinding clinical trial where DLT is redefined based on TBS. The new definition includes information on toxicity types and grades and takes into account the aggregate effect of multiple lower grade toxic effects. The inclusion of lower grades of toxicity into the primary outcome of dose escalation studies may help decrease the attrition rate of cancer drugs and the rate of nonadherence to drug due to toxicity.
methods toxicity burden score
The proposed method for obtaining TBS requires the involvement of two or more physicians and the access to the whole databases of previous clinical trials. The toxicity data from the databases are used during the design stage of a trial to build a regression model. For the design of middle-or late-stage clinical trials, the previous clinical trials can be earlier stage studies of the same drug. For the design of an early-stage trial, these can be studies in a drug with the same mechanism of action and similar toxicity profile as the treatment being studied, in a different patient population for whom similar toxic effects are expected or in combination with other drugs.
Assuming that we are designing a dose-finding trial for bortezomib in patients with lymphoma, we illustrate the proposed model building exercise to obtain the severity weights using the toxicity data from a phase I/II trial in patients with previously untreated diffuse large B-cell or mantle cell nonHodgkin's lymphoma [11] . The trial objective was to determine the MTD of bortezomib and to assess the safety and efficacy bortezomib, when administered in combination with cyclophosphamide, doxorubicine, vincristine, prednisone and rituximab (CHOP-R). The standard dose for CHOP-R was administered every 21 days. There were five dose levels of bortezomib in the dose escalation part of the trial.
A flow chart of the method is detailed in Figure 1 . Three physician raters were asked to identify the toxic effects most attributable to the addition of bortezomib. The toxic effects identified by the physicians were neuropathy and low platelet count. For these two treatment-related toxic effects, the physicians were instructed to assign a score of 1 to DLT, 0 to no toxicity and 5 to death and to assign severity scores for the other grades of toxicity relative to these scores. Assigning scores relative to the DLT was previously used by Yuan et al. [12] . These severity scores provided the physicians with a frame of reference for assigning TBS, given a particular patient profile with multiple toxic effects. The three physicians were masked from each other's scores. The severity scores are displayed in Table 1 .
The physicians were then given the toxicity data profile for 24 patients from the trial described above. The dataset listed all toxic effects observed and the respective maximal NCI-CTC grade for each toxicity over the course of the treatment of each patient. Physicians were then asked to assign an individual TBS for each patient based on their impression of all the toxic effects experienced, keeping in mind that the TBS should be consistent with the severity scores that they had previously assigned for each toxicity type. If inconsistencies were observed between the TBS assigned to a patient and the severity scores assigned to the toxic effects, the physicians were asked to review the TBS assigned.
The severity scores represented the physician's TBS assignment for a patient with a single treatment-related toxicity. Therefore, it was important to incorporate this information in the model building. The approach taken to include the information into the model was to add to the dataset one hypothetical patient with a single type and grade of toxicity and the corresponding severity score assigned by each rater as the TBS. The hypothetical patients were created based on the physician's severity score in Table 1 . The covariates of interest were the two toxic effects related to original articles
Annals of Oncology treatment and the number of grade 3 or higher nonhematologic toxic effects that are unrelated to treatment. For the toxic effects related to treatment, dummy variables were created for each grade of toxicity since severity score was not expected to be linear with respect to toxicity grade. The number of grade 3 or higher nonhematologic toxic effects unrelated to treatment was included as a covariate because the physicians thought it was important for the determination of overall patient toxicity burden. The intercept of the model was restricted to be zero, as a patient experiencing no toxic effects should have a zero TBS. To account for multiple TBS values for each patient from multiple raters, the TBS data were modeled as repeated measurements with an unstructured covariance matrix. Death was not included in the model fitting and it was assigned a TBS of 5. To validate the model, two of the physicians were asked to assign TBS to an additional set of 17 patients from the same phase I/II trial in lymphoma patients [11] . Assuming the estimated TBS from the original fitted model to be a rater, the ratings were compared using intraclass correlation as well as repeated measures analysis with rater as the covariate of interest. The covariance matrix was assumed to be unstructured. The analyses were done using SAS 9.0, SAS Institute Inc., Cary, NC. [13] .
simulation study
We used a simulation study to illustrate the application of TBS in a dosefinding trial of bortezomib in lymphoma patients. We assumed five dose levels of bortezomib, with dose level three being the starting dose. The sample size was 18 and the target probability of toxicity was 0.25. Dose escalation was conducted according to the CRM [14] . For the CRM, the dose-toxicity model was assumed to be empiric, P(Toxicity
, with the prior distribution of b being normal with mean 0 and a variance of 1.34. The initial guesses of the probabilities of DLT were 0.011, 0.082, 0.25, 0.464 and 0.654. These were obtained using the algorithm specified in Lee and Cheung [15] .
DLT was defined as a platelet count <10 000/mm 3 , a grade 3 or greater nonhematologic toxicity or a grade 4 or greater hematologic toxicity. To compare the results using the DLT definition versus the DLT defined based on TBS as outcome, we simulated three population dose-toxicity scenarios. For the DLT defined based on TBS, the model was used to summarize the NCI-CTC toxicity grades for individual patients into a TBS, which was then dichotomized in order to use existing methods for dose-finding trials. Both the CRM and traditional 3+3 design require a binary outcome. A natural dichotomization was based on a TBS of 1, since for an individual toxicity a score of 1 was assigned to the cut-off for the DLT definition. Since all DLTs had a TBS ‡1, by definition, the probability of DLT was always less than or equal to the probability of observing TBS ‡1. Defining DLT as TBS ‡1 allowed for the inclusion of several lower grade toxic effects as a DLT.
The results using the CRM were also compared with those obtained using the 3+3 design with the original DLT definition, as this is the most frequently applied method. For each method and under each scenario, we carried out 1000 simulations. The simulations were carried out using R [16] .
results
We obtained the severity scores from the physicians for the grades of neuropathy and low platelets. Once the severity scores were assigned, the physicians were asked to assign TBS scores to 24 patients from the phase I/II trial in lymphoma. A sample of 4 patients from the list of the 24 patients is displayed in Table 2 .
To incorporate the information regarding the severity scores, eight hypothetical patients were added to the dataset since there are four grades of toxicity for both neuropathy and platelets. For example, to incorporate the physicians' severity score for a grade 1 neuropathy, one patient was added with neuropathy as the only toxicity and TBS scores of 0.25, 0.30 and 0.20 for raters 1, 2 and 3, respectively. Thus, 32 patients were included for the training dataset. The fixed effect for grade 1 and grade 2 platelet were not significantly different and thus the categories were combined. Figure 2 (training data) suggests that the fitted model is in accordance with the raters. The significant predictors of TBS are listed in Table 3 . The coefficient for a grade 4 low platelet is 0.85. This reflects the fact that some physicians consider a platelet count <25 000/mm 3 (grade 4 low platelets) less severe than a DLT, which in some studies is defined as a platelet count <10 000/mm 3 . Based on the fixed effects, the estimated TBS is defined as: where platelet j indicates a grade j platelet and neuropathy j indicates a grade j neuropathy. The intraclass correlation for the three raters was 0.83. Figure 3 compares the estimated TBS from the model to the TBS assigned by the two raters as well as the TBS from the two raters. The line indicates equality. There is a disagreement for high values of TBS between rater 2 and rater 3 and also between rater 2 and the estimated TBS from the model. The intraclass correlation between the three ratings was 0.67. The intraclass correlation between each pair of measures was 0.54, 0.78 and 0.68 for the two raters, for rater 2 and the fitted model and for rater 3 and the fitted model, respectively.
application of TBS
To use TBS for the simulated dose-finding trial of bortezomib, we summarized each individual patient's NCI-CTC toxic effects into a TBS value using the model. For example, a patient with a grade 2 neuropathy, a grade 3 platelet (platelet count >25 000/mm 3 and <50 000/mm 3 ) and no grade 3 or higher 
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nonhematologic toxicity unrelated to treatment has a TBS of 0.64 + 0.40 = 1.04. This patient would not have a DLT if the toxic effects are examined individually since neither a grade 3 platelet nor a grade 2 neuropathy constitutes a DLT. However, by accommodating for multiple toxic effects, we took into account the cumulative effects for multiple non-DLTs. We compared the definitions of DLT in the simulated trial assuming three population scenarios. The true probabilities of toxic effects and the percentage with which each dose level is recommended using CRM with the DLT definition used in the trial [CRM(DLT)] versus TBS ‡1 [CRM(TBS)] as the outcome and the 3+3 are displayed in Figure 4 . For example, in the first scenario, the probability of DLT as defined in the trial is 0.10, 0.25, 0.40, 0.45 and 0.55 for each dose level respectively, while the probability of TBS ‡1 is 0.25, 0.35, 0.55, 0.60 and 0.75. For dose level 1 of this scenario, the probability that TBS ‡1 and individually the toxic effects do not constitute a DLT is 0.15. Consistent with previous publications, CRM(DLT) recommended doses above the MTD more frequently than the 3+3 design, and the recommendation percentages of the 3+3 design were more spread out to the extreme doses than the CRM. In all scenarios, CRM(TBS) was less likely to recommend an overdose than CRM(DLT). It also selected the extreme doses less often than the 3+3 design.
discussion
We have proposed a simple regression approach to obtain the severity weights and to summarize patient toxic effects into a TBS. By redefining a DLT as a TBS ‡1 instead of using specific cut-off grades for the maximal toxicity, the approach incorporates information from the grades and types of multiple toxic effects for the determination of the MTD. In the single toxicity case or when lower grades of toxicity are not of interest, the method is equivalent to using the traditional DLT definition as outcome. In the multiple toxicity case where it is important to account for multiple lower grades of toxic effects, the method offers advantages over traditional approaches since it includes the aggregate effects of lower grades of toxicity. While we illustrate the application of TBS in a dose-finding trial with a binary outcome (DLT), statistical methods that can incorporate a continuous or ordinal outcome such as the TBS have been developed for dose-finding trials [8, 17] .
In this paper, the method is illustrated using the toxicity data from a single previous clinical trial, showing the feasibility of the method for designing early-stage trials, when limited data is available. These data, although limited, still provide for a more rigorous approach to estimate the severity weights of the various types and grades of toxic effects compared with other previously proposed methods [3, 7, 8] . It also allows for the inclusion of information on lower grade toxic effects. While the method cannot be applied for early-stage trials when a previous study is not available and the study is the first in human, often early-stage studies are carried out for the same drug in different populations, for different indications or in different combinations. In those settings, the data from previous experiences can be used to build the model. Further research is warranted to obtain data to build models for particular types of compounds. For late-stage studies, the method benefits from toxicity data from preexisting early-stage trials and other late-stage studies. The availability of these data implies more effort to build a model, but in exchange for better reliability. Using the model, a TBS can be calculated for each patient and the TBS of the treatments can be compared. The comparison of TBS complements the comparison of individual symptoms currently carried out in late-stage clinical trials for the drug approval process.
While we have illustrated the feasibility of the approach, the study is limited by its evaluation of one clinical trial with a limited number of toxic effects and physicians. Further efforts should focus on validating these methods using large-scale prospective studies from multiple tumor types with a large number of physicians to examine the effect of study drug, rare adverse events and tumor types on severity scores and TBS. This validation is necessary before the method is applied in practice. The method can also be extended in the future to include patients' self report of toxicity burden. Since original articles Annals of Oncology physicians' and patients' report can differ significantly, including patients' self report will improve current clinical designs [18] .
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